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LIST OF SYMBOLS 
Throughout this paper the following Latin letters 
are used as symbols: 
*•» 
t>. B. Bo 
Or. 
^00 
Co. 
®rot 
®vlb 
^trans 
^atomic 
D 
e 
E 
Beattle-Brldgman gas constants 
Molar heat capacity at constant pressure 
Molar heat capacity at constant Yolume 
Oy at frequencies below the dispersive 
region 
Cy at frequencies above the dlsperslre 
region 
Effective C- at smgular frequency ^ In 
the dispersive region 
Contribution to 0_ made by molecular 
rotations 
Contribution to C^ made by molecular 
vibrations 
Contribution to Gy made by molecular 
translatlonal motion 
Contribution to Cy made by atomic 
excitation 
Diameter of colliding molecule 
Base of natural logarithms 
Molecular energy; use of subscripts 
rot, vlb. trans, atomic Is analogous to 
use In heat capacities 
Sonic frequency 
- Iv -
Sonic frequency at which Inflection 
point of dispersion curve occurs 
h Planck* s constant 
1 
I.P. Imaginary part of a complex number 
k Boltzmemn's constant 
K Coefficient of thermal conductivity 
L Molecular mean free path 
M Molecular weight 
n Ratio of e* to h 
H Niunber of molecules of gas per unit volume 
Hq Number of molecules per unit volume 
whose vibrations are In the ground state 
n^ Number of molecules per vmlt volume 
whose vibrations are In the first excited 
state 
p Pressxare 
PXo Probability that a molecule In the first 
excited vibrational state be de-exclted 
by a collision; a function of velocity 
or energy of approach 
P^O Average of over the proper velocity 
or energy distribution 
Q Nximber of molecular collisions per unit 
volume pnr unit time 
Q* Nvimber of molecular collisions per unit 
volume per unit time In which the relative 
energy of approach of the colliding 
molecules exceeds 
- V -
'ilO 
r 
(H 
R 
R.P. 
e 
t 
T 
V 
Vo 
V 
complex 
V 
? 
^10 
Number of molecular collisions per unit 
volume per unit time which de-exclte 
molecular vibrations 
Average number of collisions experienced 
by a molecule per second 
Universal gas constgjit 
Real part of a complex number 
Range of Intermolecular forces 
Time In seconds 
Temperature In degrees Kelvin 
Velocity of sound; subscripts Ideal and 
BB Indicate velocities In an Ideal or a 
Weattle-Brldgman gas, respectively 
V at frequencies below the dispersive 
region 
V at frequencies above the dispersive 
region 
V at frequency 
Complex velocity of sound 
Relative velocity of two colliding molecules 
Average of v over a Haxwelllan distribution 
Average collision lifetime of first 
excited state; average number of collisions 
necessary to de-exclte a molecule In 
the first excited state. 
- Tl -
The following Greek letters are used as eymbola: 
(X Sterlo factor; probability that a col­
lision will take place with the moleculee 
favorably oriented for excitation 
^ ®p/®v 
^ Relative approach energy of two raoleculea 
Minimum value of ^ required for vibra­
tional excitation 
^ One of the Beattle-Brldgman gas constants 
^ Vibrational relaxation time 
A Acoustic wavelength 
The reduced molpcular weight of two 
colliding molecules 
Ma. Absorption of sotind per wavelength due 
to viscosity and heat conduction 
UfcLAx Absorption of sound per wavelength due 
^ to relaxation effects 
Maximum value of relax 
u Vibrational frequency per second; sub­
script 1 denotes the lowest mode 
V' - V /c ; wave number per cm. 
TT ^ 3.1^16 
Density In grams per liter 
p - y'/M ; density In raols per liter 
(T See equation (^i'7a) 
Q Effective molecular collision duration 
^ Period of a molecular vibration; usually 
" the mode of lowest frequency 
vll -
-^2Trt\ angular frequency of sound 
Angular frequency at which j-< occurs 
Viscosity of gas 
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INTRODUCTION 
About thirty years ago, investigators in the field 
of ultrasonics disooTered that the velocity of sound In 
polyatomic gases is a function of the sonic frequency. 
This phenomenon is known as the dispersion of sound, and 
may be explained on the basis of the failure of the trans-
latlonal, rotational, and vibrational energies of gas mole­
cules to maintain thermal equilibrium with each other at high 
acouf^tic frequencies. An anomalously high acoustic ab­
sorption accompanies this dispersion in acoustic velocity. 
Numerous Investigators have measured the dispersion 
of sound caused by the lagging of the vibrational energy. 
(This is also referred to as the thermal relaxation process.) 
Nearly all the investigations have been made In diatomic 
and triatomlc gases in which the vibrational relaxation 
time is relatively long and the region of dispersion is 
at easily attainable frequencies. 
Advances in electronics have recently made possible 
the accurate measurement of acoustic velocities at very 
high frequencies. Considerable Interest has thus been 
aroused In the study of dispersion due to the lag of rota­
tional and translational energies; study of the vibrational 
energy lag In heavy organic gases, which also necessitates 
high frequency measurements, has been neglected. It le the 
purpose of this paper to report eome meaeurements of sonlo 
dispersion made In heavy gase(>, and to attempt to olarlfy 
certain fundamental properties of the vibrational excitation 
process In these gases which are poorly understood. 
Gonstinictlon of the Iowa State College acoustic lntei»-
ferometer was begun In 1950 under the sponsorship of the 
National Advisory Committee for Aeronautics. In 1951 the 
Instrument was put into operation, and experiments were 
begun In nitrous oxide. This work is reported by Walker 
(1952) and in a later article by Walker, Rosslng and Legvold 
(195^)• In 1953 the interferometer was modified to permit 
high frequency raeasureraente, and investigations were begun 
In the halogen-substituted methanes. 
Relatively few references are made, in this dissertation, 
to the work of previous investigators. The reader who 
desires to read farther in the field is referred to the 
excellent review article of Richards (1939) and a later 
review by Walker (1951). 
THEORETIC <0. C0NSIDE2UTI0NS 
Theory of AcouBtlo Dispersion 
Propagation of sound 
Several excellent treatments of the transmission of 
sound through Isotropic homogeneous media are readily 
available In the literature of the field, so they will 
not be reproduced liere. Among authors making such a 
treatment le Richards (1939), who arrives at an expression; 
In which p Is the pressure, T the temperattire, Gy the molar 
heat capacity at constant voltune, ^  the density and M the 
molecular weight. For acoustic waves whose Intensity does 
not exceed I30 decibels the above expression is correct 
to better than 0,001 percent. 
The equation of state of a perfact gas may be written: 
P ^ (2) 
from which may be derived the partial derivatives of Interest: 
fit] - IT /if) . ^ 
{ I f  A J  »  a n d  x d T / p  M  •  
^ ^ (3) 
Substitution of these into (1) gives an expression for the 
square of the velocity in an ideal gas: 
(/^) 
- 4 
Slnoe Cv^R-Ci, , and ^ ' p for an ideal gas, ik) 
may also be written In the familiar form: 
V/or^t = ^  (5) 
in which y= ^''/cy • 
An equation of state frequently applied to polyatomic 
nioleculea is that of Seattle and Bridgmnn: 
p = __ A 
( 6 )  
• I 
a, b, Aq, Bq, and € being constants characterietic of a given 
g&s. In most gases € << 1 at ordinary pressures and the 
term 1-6 is usually omitted. This equation may also be 
written in powers of yo = ^  - X : 
/>= Rr^ 4- (A»cL'(lTB,l>)p^*'- • •• (7) 
Substitution of (7) into (1) will produce an expression for 
the square of the velocity In a Beattle-Bridgman gas: 
+• ^  1^ 1+ Zp B,i- <8) 
Terms in yo' and higher have been omitted. Note that as 
becomes very small, (8) reduces to (4). 
Until about 30 years ago it was believed that (4) and 
(8) described the velocity of sound at all frequencies. 
Fierce (1925) was the first to observe experimentally that 
the velocity of sound is not constant with frequency through­
- 5 -
out all frequencies. He obeerved that at frequencies of 
about 10^ cycles per second the velocity of sound Increases 
above that value predicted by (4). Horafeld and Rice (1928) 
explained this anomalous behavior by suggesting that at 
high frequencies the vibrational and translatlonal modes 
fail to maintain thermal equilibrium with each other. 
In any molecule the total energy R may be resolved 
into several terms; 
E - Etkans + Evia * -f-E^ToM.c ^ (9) 
The terms in the above equation represent the contributions 
of translatory motion, internal vibrations and rotations, 
and intra-atoraic energy to the energy of the molecule, 
n Since C = 3r » the heat capacity may also be decomposed 
into additive terms each corresponding to a similar term in (9). 
Cw — "*• ^V»6 * C RtT ClATaroitc. ^ (lO) 
The value of each quantity depends upon temperature, and 
accordin?; to the Equlpartltion Theorem of energy, in a 
body at equilibrium the energy (and therefore the heat 
capacity) must be distributed among these terms in a definite 
manner. At room temperatures most atoms are in their ground 
state and Oatomic negligible. If the equilibrium between 
these types of Internal energy is disturbed, each mode again 
approaches its equilibrium value at a rate characterized 
by its own relaxation time. Relaxation times for rotational 
O 
energy are less th^n 10"° second. Vibrational relaxation 
- 6 -
o ••in 
tlmee cover the range 10 ^  to 10 " seoond. 
As long ae thermal disturbances occur slowly, G Is 
correctly given by ("LC), As the period of a disturbance 
Is shortened eo as to be of the order of one of these 
relijr^tlon times (as happens when a sound wave of high fre­
quency Is Incident), the equilibrium process Is unable to 
follow the rapid thermal cycle and the net effect 1& thct 
a part of the heat capacity drops out completely. Thus 
Cy nnd V depend upon frequency throughout the dispersive 
region. 
An additional dispersive region has been observed at 
frequencies so high that the wavelength of the sound approaches 
the molecular mean free path. First predicted by .-rimakoff 
(19^2), this effect has been observed by Greenspan (1950) 
and others. 
If Co denotes the heat capacity at constant volume 
below the dispersive region and the heat capacity above 
thip region, then; 
Q oo ~ C reAHs Cor ,  (11 )  
and 
Co = Ceo + Cw.a. 
Following the technique of Richards (1939), the heat 
capacity at acoustic angular frequency oj within the cJls-
perslTe region may be written: 
(13) 
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0 being the appropriate relaxation time and oo being 2 77-
times the acoustic frequency f. Substitution of (11), 
(12), Bju' (13) Into (4) yields: 
v:=u('^t). (iM 
A/ _ Sif,.  o c, ^ * i (c.-QJiuiQ 1 
' c*"* J . (16) 
The real part of the latter equation gives an expres­
sion for the real phase velocity: 
"  n { '  ^  .  (17 )  
The Inflection point of (17) may be found by differenti­
ation: ^ 
CO,. 
Ceo 6 . (18) 
Similarly, substitutions Into (8) yield equations analogous 
to (14), (15) and (17) for a Beattle-Brldgman gas, the 
latter one being: 
since the experiment described In this dissertation 
Involves only the vibrational relaxation time, the terms 
"dispersive region' and "relaxation time" will from here 
on refer only to the lagging of the vibrational energy. 
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Vibrational relaxation usually ooours over a range of about 
six octaves, and of course exists In a different range for 
each gap or t^as mixture. 
Absorption 
The absorption of sound in gases may be due to two 
causes: energy losses due to viscosity and heat conduction, 
and losses from the non-equlllbrlum conditions in releocation 
effects. The intensity absorption per wavelength due to 
the former cause, often referred to as the "classical ab­
sorption" is described by the Stokes-Klrchhoff equation; 
In (20), V represents the velocity of sound, r-f the vis­
cosity, K the thermal conductivity and ^ the density. 
In a more recent paper by Skudrryk (19^+^9), consideration 
of the effects of "compressional viscosity" results in a 
small modification in (20). Skudrzyk's expression is: 
The relaxation absorption, according to Richards (1939), 
( 2 0 )  
(21) 
is given by: a o r\/' ) 3.r- { 
MteiA* - o D /I/' \ 
Substitutions from (16) Into (22) give; 
Mnetm - U)& TT 
(23) 
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Thle expression will have a maxlmiun at a frequency given by; 
/ 1 _ Oe 
""""  ^ Va, Co. & . (24) 
The value of ^relax maximum will be: 
if \ 
= 7r( j ^  (25) 
The above expressions, of course, assump Ideal gae behavior. 
The uee of Beattle-Brldgnan corrections at ordinary pressures 
producep very eraall corrections to the values of absorption 
calculated from (20), or (21) and (23). 
The velocity dispersion and absorption 're rlotted 
In Figure 1. It may be noted that the Inflection point 
of the velocity curve and the maxlmtun of the dispersion 
curve are displaced slightly In frequency from each other. 
In very accurate acoustic work the measured velocities 
should be corrected for the effect of absorption. In the 
experiments reported, the change In observed velocity because 
of absorption vae found to be smaller than errors In measure­
ment, and no such correction was made. 
Multiple dispersion 
In general the relaxation time of vibrations In mol­
ecules depends upon the amount of energy necessary to 
excite them and hence upon their vibrational frequencies. 
Diatomic molecules have large natural frequencies nnrl hence 
•a 10 
exhibit a very long relaxation time. The dleperolve region 
for oxygen, for example, Ilea well within the audible range 
of frequenolee. Polyatomic raoleoules, on the other hand, 
have rather short relaxation times. 
Thus far It has been tacitly assumed that for a given 
gas, the relaxation prooess may be oharaoterlKed by a 
single relaxation time Q. This Is equivalent to assuming 
that all modes of vibration are excited with the same 
relaxation time, and furthermore that all vibrational 
transitions ooour with the same relaxation time as tran­
sitions from the ground state to the first excited state. 
That all transitions between the states of a given mode 
of vibration have the same relaxation time has been shown 
by Landau and Teller (1936). If, however, the coupling 
between different modes of vibration Is so weak that they 
must be exolted Independently by collisions and therefore 
possess different relaxation times, a step shaped velocity 
dispersion curve would result. Multiple peaks would also 
occur on the absorption curve plotted from (23). 
Some evidence In favor of the existence of multiple 
dispersive regions has been reported. Hele^eler (19^3) 
and Buschmann and Schilfer (19'^1) have reported a possible 
second step on the velocity dispersion curve of carbon 
dioxide. Alexander and Lambert (19^2) found three disper­
sive regions in acetaldehyde. A later article by Lambert 
- 11 -
and RowllnBon (1950), however, points out that the multiple 
dieperaionB of velocity are due to errors In calculation 
resulting from an ungrounded aflBXimption that dlraerization 
equlllbrluni does not keep pace with the acoustic cycle. 
Nothing ID said, in this latter tmper, about the multiple 
absorption peaks also reported earlier. 
(}re=>t difficulty would be experienced in the obser-
VHtion of multiple dispersive regions in triatomic molecules, 
if Indeed such exist. At room temperature one mode usually 
accounto for most of the vibrational contribution to specific 
heat. Any steps on the velocity dispersion curve due to 
the other modes would be so araall that they would be difficult 
to detect. 
retection of multiple dispersion due to a lack of 
Intermodal coupling, if It exists, might be most probable 
In molecules such as the halogen-substituted methanes having 
several modes of low frequency which can be excited pt room 
tenpcratures. On the other hand, if intermodal coupling 
le strong enough so that energy is transferred readily from 
one mode to another, only a single relaxation time will be 
observed. Presumably this will be the relaxation time of 
the mode of lowest frequency. 
12 -
Trace Catalyst effect 
A remarkable phenomenon which has been observed In 
connection with relaxation time studies Is the "trace 
catalyst" effect. Oolllslons between xmllke molecules are 
sometimes much more efficient In the excitation of vlb~ 
rations than those between like molecules. Knudsen and 
Frlcke (19^0), for example, found that less than 20 ool­
llslons between carbon dioxide and water vapor molecules 
are necessary, on the average, to excite molecular vibrations 
In carbon dioxide. However, more than 50,000 collisions 
between two carbon dioxide molecules are necessary for the 
excitation of one of them. Other catalytic pairs are cited 
by Walker (1951). 
Several explanations of the trace catalyst effect have 
been offered. Eucken and Becker (193^^) observed that In 
a oolllslon between two molecules which have a chemical 
affinity for each other the probability of vibrational 
excitation le large. Landau and Teller (193^) suggest that 
excitation Is more probable when the two colliding molecules 
approach each other at a high velocity, thus explaining the 
effectiveness of hydrogen and helium as catalysts. 
The addition, to a test gas, of small concentrations 
of another gas may have two different effects upon the 
relaxation time. If the added gas serves as a catalyst. 
the relaxation time will be shortened, since fewer collisions 
will be required for excitation. If, on the other hand, 
collisions between the unlike raoleoules are leas effective 
In exciting vibrations than those Involving two molecules 
of the test gas, then the opposite will take place. At 
a given pressure and temperature, fewer collisions between 
two test gas molecules will occur due to the presence of 
the added molecules, and the relaxation time will be 
lengthened. 
Multiple collisions 
In general a certain average number of oolllslons are 
required to excite or de-excite the molecular vibrations 
In a given gas. Since the number of binary collisions Is 
proportional to the pressvure of the gas, It follows that 
the relaxation time will be inversely proportional to the 
pressure when binary collisions are responsible for vib­
rational excitation. If triple collisions are primarily 
responsible, the relaxation time will be Inversely propor­
tional to the square of the pressure and so forth. 
In equations such as (17) and (23) dealing with acoustic 
dispersion, the Independent variable is invariably oiO 
rather than ^ . Hence if the relaxation time 0 is inversely 
proportional to pressure, the dispersion curve may well be 
- 1/^ -
drawn with log f/p as the abscissa Instead of log f. 
This Ifl a great advantage In experimental work since It 
provides a method of obtaining « contlnuoufl range of 
"frequencies" without changing the frequency of the eound 
source. Of course It must first be ascertained which type 
of collisions le responsible for vibrational excitation 
so that the correct pressure dependence le used. 
No conclusive evidence has been presented supporting 
any Importance of collisions of orders above the second. 
Walker (1951) suggested that certain data of previous 
Investigators, Involving 008 with added quantities of He 
and Ar, might be interpreted on the basis that triple 
collisions are of greater Importance than the binary type. 
Walker, Rossing and Legvold (195^) later report that triple 
collisions are not important in the excitation by He, Ar 
and Ng of N2O which is very similar in structure to COS. 
Theory of Vibrational Excitation by Oollisions 
Relaxation theory 
A gas will be considered which has n^ molecules with 
•ibrations in the first excited state and ng molecules 
with vibrations in the ground state per unit volume. If 
at all times n^-t- n^ - n, a constant, the continuous exchange 
of molecules between states 0 and 1 may be characterized 
by the equation: 
= -Tot Ho - f to yii 
( 2 6 )  
9 
in which fg^ specifies the number of 0->1 transitions per 
ground state molecule per second and f^Q the coz*responding 
number of 1-^ 0 transitions per excited molecule. 
When the gas is in equilibrium, ^  - O , euid therefore, 
according to the principle of detailed balancing, the total 
numbers of transitions in each direction are equal. At 
equilibrium: 
-wkt 
ill - y\o 6 ^2'7) 
J. , .hv/„ 
+<,.-+•<>« _ ,2g) 
In the above equations h and k; are the Planck and Boltzmann 
constants respectively, V is the frequency of molecular 
vibrations and T is the temperature in degrees Kelvin. 
Since Hs n^-t- n^ at all times, (26) may be written: 
- 16 
« . (29) 
Since n Is constant, the solution to this differential 
equation for non-equlllbrlum Is: 
H,. . (30) 
The rela^catlon time of this process can then be seen to be: 
-rhr • ^31) to! + tio 
Q le the tine necessary for the departure from thermal 
equilibrium to be reduced to 1/e of Its Initial value. 
Some authors erroneously assume that h v'/kT »1 and 
foi 'io» hence that 9 - l/f^Q. At vibrational fre-
11 -*1 quenolea leas than about V = 1.5 x 10 sec. (correspond­
ing to y- 500 cmT^ In spectroscopic wave numbers, since 
y s ), this assumption is ungrounded. 
Kennard (1938) writes an expression for the total 
number of collisions (R that a molecule makes, on the 
average, per second: 
(r s VTTTM v , (32) 
In (32) n Is again the number of molecules per unit volume, 
J> Is the effective molecular diameter and v Is the average 
molecular velocity. Using the same notation, the mean free 
path L nay be written: 
t27r n (33) 
and the viscosity : 
O. ^99 f v l  . (3U) 
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The average Telocity for a Maxwelllan dietrlbutlon of 
molecules is: 
v=\fln 
y yrn ^ (35) 
Combining (32), (33), (3^) and (35) gives the collision 
rate (R in secT^ in terms of the viscosity >7 in centipoise: 
/o - 'z.99 * /o'' (k ^ 
Four more quantities, which are of interest in this 
theory, Zqi, ^01» defined, Pqi 
and P;]^Q are the probabilities that a molecule in the ground 
or first excited state, respectively, will be excited or 
de-excited in collision. Zq-j^  and Z^q are the mean collision 
lifetimes of the ground and first excited states, respec­
tively; in other worfls they are the numbers of collisions 
the states of interest are able to survive. It is then 
clear that; 
3- / -r ' 
~ Po, f - P,f, • (37) 
Also: 
•fo,= ri(r , and ffo= . (38) 
Substitution of (28) and (38) into (31) gives: 
' 
f,.(he--"")' P„(ll(he-''^ r) . (39) 
By (37) I 
7 edlo^e""'^) to' ^ /, (/|0) 
h y /kT 
Similarly, multiplication of both sides of (28) by e 
and substitution of it and (38) into (31) yields: 
- 18 -
/a- ' I 
^ h, (!+ e ' (St p., 0* « 
(41) 
By (37) wo obtain: 
Z., = (42) 
Dlvlalon of (^2) by (^40) gives the relitlon: 
-> KV/u-^ 
(43) 
-In eaac h>^/lcT^>l (ooiroQi^nrtdinti; to—^ > ;jOO emT") 
2le/ £ to 6 (4;) 
In case h /kT 1, which la not realizable at ordinary 
temperaturee: 
Prediction of P^n 
Several authors have attempted to develop the theory 
of tmnelatlon-vlbrntlon energy exchangee In molecular 
collisions. Landau and Teller (193^) use a classical ap­
proach to the problem, and develop a theory which hae been 
very Buccessful In explaining energy transfer probabilities 
in relatively simple molecules, 
Aocordlnf^ to their theory, the effectiveness of a 
collision is determined by the ratio /i - % , where Vc 
is the effective duration of a collision and 7^ la the 
period of a molecular vibration. In general, r » 1 for 
Ho/ - ('15) 
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vibrational excitation and the probability Is therefore 
very small. For they use the expression Ti =5^ , 
"9 being the vibrational frequency. (They explain the use 
of the 2"^ ty saying that frequency Is usually Introduced 
Into physical formulae by differentiating expressions such 
as sin aTTj^t.) The collision duration may be written 
s/v, s being the range of Intermolecular forces and v 
the relative velocity of approach of the colliding molecules, 
The probability for de-excitation in a single collision 
when the approach velocity lies within the range v to 
V -i-dv is: 
=  o l e  - d e  y 
^ is a sterlc factor which gives the probability that a 
collision will find the molecules favorably oriented for 
excitation or de-excitation. Values of cL usually range 
from 1/3 to 1/30. 
Bethe and Teller (19^2) integrate the above expression 
over a Maxwelllan distribution of velocities to obtain: 
/?, = C<re-^ • 
In this equation: 
(r= (1,7a) 
C =(1)"^  ci . 
where yu is the reduced molecular weight of the colliding 
molecules, or in case the two molecules are Identical, it 
is the molecular weight. In the above, s is measured in 
- 20 -
.9 
unite of 10 era. and T In degrees Kelvin. 
MftBsey and Burhop (1952) start from the oolllslon 
theory of Hott and Jackson and arrive at a elrallar expression 
for They point out that In case the colliding molecules 
have a chemical affinity for each other, the probability 
of energy exchange will be Increased since the strong 
attractive force will greatly Increase the relative velocity 
of apr ronch. 
Recent theory by Schwartz, 31aw8l:y and Herjsfeld (1952), 
based on the approach of Zener, makes use of an eyponentlal 
repulsion and a one dimensional model. Using h quantum 
mechanical approach, these authors arrive at a somewhat 
more complicated expression for which, they point out, 
has eaeentlally the same dependence upon yu , v , and T as 
the classical theory of Landau and Teller. 
The theories described fit the experimental data 
quite well for the relatively simple oases of diatomic and 
linear triatomic molecules. The catalytic effect of certain 
gases ie also explained by such theory, either on the basis 
of a chemical affinity between the colliding molecules, or 
else because one of the molecules has a small mass and a 
high velocity. 
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Energy excitation theory 
Recently Fogg, Hanks and Lambert (1953) have measured 
the vibrational relaxation times of several halo-methane 
vapors and have oa!loulated the nunber of colllslonD necessary 
to excite the lowest modes of vibration. At least four of 
these gases appear to fit an empirical relation of the form; 
^ , (48) 
in which >^i is the frequency of the lowest vibrational mode 
and X is a proportionality constant characteristic of the 
particular group of gases. This suggests that the prob­
ability of vibrational excitation depends upon the energy 
of approach of the colliding molecules rather than upon 
the velocity of approach. An energy excitation theory, 
based on the above suggestion, will now be further developed 
by examination of the deactivation process. 
It may be assumed that the probability of de-exciting 
a vibrating molecule in a given collision can be written 
in teirms of the relative energy of approach 6 of the 
colliding molecules: 
c6 , in the above equation, is the steric factor and is 
some minimum relative energy of approach which must be 
exceeded in order to produce de-excitation. If it is 
- ?.?. -
assumed that the mode of lowest freatienoy vj is the first 
to be de-exolted, ^ may be written: 
^ (50) 
where n Is some constant. 
Fowler anfl (1-uggenhelm (19^9) write the following 
expression for the number of collisions, Q, between like 
molecules per unit volume per unit time in which the relative 
trRnslrtlon?! enercy lies between £ ftna<£+«*e • 
Vi _ e/fcT - e de i^W2TTbT\'2- -t/ e , ^
z [— ; e 20 fcT Fi- (51) 
In (51), D la the molecular dlaneter, M the molecular 
weight, and n the number of molecules per unit volume. 
Integration of (51) from e.*to » gives the number of col­
lisions In which the relative energy of approach cxoeeds ^  *: 
a ' - r  
$ 
where ^  le the collision rate per molecule. To find the 
total number of collisions per unit volume per second which 
bring about de-excitation, (49) may be multiplied by (52), 
since it has been asstuned that oi is not a function of 
energy. 
oio = ^ (roie' ^ (53) 
the probability that de-excitation takes place in a 
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single oolllelon, may thus be written: 
(St) 
or by substitution from (50): 
(55) 
According to (28) and (38), the corresponding prob­
ability for excitation will then be: 
The above relations pictiire vibrational excitation and 
de-exoitation as an involved process, requiring a certain 
minimum energy of approach. It is tempting to aeeume that 
vibrational excitation and de-excitation take place only 
when a molecule is able to penetrate very deeply into the 
force field of another, the penetration requiring a certain 
amount of energy. It is even possible that the collision 
partners form a compound molecule with a very short lifetime, 
during which energy may pass readily between translational 
and vibrational degrees of freedom. The process of formation 
of the compound molecule would require a certain minimum 
amount of energy. 
Fogg, Hanks and Lambert (1953) have apparently treated 
and as being the same in contradiction to ($6), 
(56) 
" 2k " 
and eeveral errors have resulted. It should be noted that 
the minimum energies of approach reqxilred for the excitation 
and de-exoltatlon processes differ by h Vi, 
Trace catalysts may still exist for gases which obey 
the energy excitation theory, but gases which catalyze 
dlatoralo and trlatomlo gases may not produce the sejne result 
In polyatomic gases. Hydrogen and helium Bppnrently are 
strong catfllysts In dlatoralo and trlftonilc gaRSS because 
th*>y have a very high velocity at ordinary tenpernturee. 
In order to be a catalyst In a gas obeying the energy ex­
citation theory, however, a gas must be able to penetrate 
the force field of another easily, or form a compound nol-
ecule readily, and hnve a fairly large sterlc factor. 
Heat Capacities of (Tapies 
According to (10), tho h^at capacity of a rnn ig made 
up of contributions from molecular vibrations, rotations 
and translations. At sufficiently high temperatures, each 
degree of translation or rotation contributes i R, 
each vibrational mode contributes R times the degree of 
degeneracy. 
At room temperatures, 0^,^^ Is fully developed In poly­
atomic gases. Thus the rotational contribution from linear 
polyatomic tiolecules Is H, and the contribution from non­
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linear x^olyatoralo moleoules is 3/2 sinoe they have moments 
of inertia along three perpendicular direotlons. Trans-
lational nnergy, also characterized by three degrees of 
freedom, contributes 3/2 H. 
Vibrational heat oapacities, on the other hand, are 
rarely complete. Assuming that the moleoules are perfect 
harnonlc OBclllators, the vibrational contribution to heat 
capftcity may be written in terras of the frc-quencifs 
of the n modes each having a degeneracy of order 1 : 
Spectroscopic dcta indicate that molecular vibrations 
are not jrerfectly harnonlc, and thus a transition from the 
second rxcltec! et».te to the firet excited state does not 
produce the eame frequency as from the first state to the 
ground state, '.'alker (1952) points out that the error in 
Vq Introduced by the neglect of tlilB anharmonicity In 
calculating is about 0,03 percent. The total heat 
capacity at constant volurae, at room tPiarerature anc' below 
the alsjerslve region In polyatonic molecules may then 
be given as: 
where le calculated from (57). Above the dispersive 
region: 
(57) 
(58) 
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Ceo = • (59) 
In any gae: 
cp-cv = ^ ^ 
For a perfect gas thle reduces to: 
Zf,-Q. = R . (61) 
In a Beattie-Brlflgnnn gj»s, the same enuatlon f^lves: 
(l,-c. 
R(vi- Bo) 
' (<52) 
Thus, If Op and the Beattle-Brldgraan oonfitants are known 
from experimental data. It la possible to check (58) above. 
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EXl^yRlMENTAL OONSIDERATIONS 
Apparatus 
The measurement of the Telocity of sound In a medium 
Involves the measurement of the frequency f and the wave­
length \ In the medium. The velocity Is given by their 
product. The measurement of f and of ^ Is done by means 
of an acoustic Interferometer of the Pierce type. 
A cross section of the aoouetio chamber of the Inter­
ferometer Is shown In Figure 2. A gold-plated, X-cut 
quarts crystal Is clamped In Its modal plane and Is driven 
near Its frequency of resonance. An optically flat stain­
less steel reflector Is connected to a micrometer screw by 
a precision ground Invar rod. The micrometer screw, which 
was built by the Oaertner Company, has a least count of 
0.001 mm. By measuring the positions of the reflector for 
successive standing wave patterns, acoustic wavelengths may 
be measured with a high degree of precision. 
The crystal and the reflector are made parallel by 
adjusting the three leveling screws to obtain the best 
standing wave pattern. Parallelism Is maintained by the 
precision bearing which allows less than 0.001 Inch of 
sideways play as the reflector moves up and down. Parallel-
Ism within 0.1 wavelength must be maintained at all times 
- 28 -
to aoourately meaeure wavelengths. 
The aooustlo chamher 1b oonstructed from stainless 
steel, all seams being silver soldered. A copper gasket 
pressed by sixteen bolts Insures a vacuum-tight seal. The 
Invar rod, a mercury thermometer and the OHClllator leads 
proceed up through 0-rlng vacuum seals. The entire 
apparatus can be Immersed In a constant temperatxire water 
bath or In an electric oven. In the latter case, a cooling 
disc, In which cold water circulates, covers the oven and 
protects the micrometer and the vacuum seals from high 
temperatures. 
The crystal oscillator circuit la shown In Figure 3. 
It Is a variation of the Pierce type of circuit, using 
precision oomponente throughout, and drives the crystal at 
a very constant frequency and amplitude. The theory of Its 
design Is discussed by Rosslng (1952). The frequency of 
the crystal Is determined to a precision of 1 part in 
10,000 by heterodyning the output of the oscillator with 
the signal from some convenient broadcast station to produce 
a beat note In the audio frequency range. 
As the reflector moves up or down, the changing acoustic 
field causes small changes In the electrical Impedance of 
the crystal. Sharp peaks In the Impedance Indicate the 
positions of the reflector for which standing waves result. 
The circuit used to measure small changes In the crystal 
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Impedance le shown In Figure 4. Voltages from the crystal 
are Isolated by two cathode followers, Independently recti­
fied and fed Into an unbalanced d.c. amplifier. A biased 
microarometer with five ranges measures the changes in the 
output of the d.c. amplifier. A General Electric vacu\im 
thermocouple, which generates a voltage proportional to the 
amount of rndlo frequency current through it, is used to 
measure the crystal current. 
The impedance measuring circuit and the crystal oscil­
lator receive their power from a power supply with an elec­
tronic voltage regulator. The regulator, which is of the 
degenerative feedback type, makes use of dry batteries 
for reference voltages. A Sorenson voltage regulator using 
a saturable reactor is used to protect the apparatus from 
fluctuations in line voltage. Provisions have been made 
to use an all-battery power supply, but the electronic power 
supply is foiind to be as stable as the battery supply. The 
power supply circuit Is shown In Figure $. 
The crystals used were out and plated by the James 
Knights Company and have resonant frequencies of 1000 and 
of 300 kilocycles per second. For most of the measurements, 
the 300 kilocycle crystal was used since the wavelength 
of the sound produced by It Is over three times as great 
as thRt produced by the 1000 kilocycle crystal and is there­
fore easier to measure. Both crystals were made two inches 
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In diameter. Slnoe this is of the order of 50 wavelengths, 
the aoouBtlo waves are approximately plane. 
The gas-handling Byptera Is shown 8oh®matioally in 
Figure 6. A two atap-e mechsnioal vaouura pump is capable 
of evacuating the entire system to a pressure of 0.2yw . 
The pressure in the acoustic chamber is Treasured by wesns 
of a two-meter manometer and a McLeod vacuum gauge. A 
drying chamber is available for use with gases which may 
contain water vapor as an impurity, although dossication 
was not used in this experiment. Kerotest packless diaphragm 
valves are used throughout to close off various parte of the 
system. Teat gases can be drawn into a liquid air cold trap 
and distillfd into the chamber to remove traces of non-
condenslble gases. Before each measurement, the entire 
system is evacuated and outgassed to assure a gas sample 
of as high a purity as possible. 
The tenperatxire of the water bath is controlled by 
a mercury thermostat and an infra-red heating Irarap. Tests 
made with p. suitably mounted therT.istor show thnt the 
temperature variation within the acouetic chamber does not 
exceed 0.1®C. 
- 31 -
Experimental Procedure 
The velocity of sound was measured in each gas at 
a variety of f/p ratios, by means of the acoustic inter-
2 ferometer. The corresponding values of V were then plotted 
2 
on semi-logarithmic graphs In Figures 7 to 20. V^^eal 
was plotted using (17) with an arbitrary value of 0. 
The curve was then shifted along the f/p axis until it 
best fit the experimental data, since according to (17) i 
the effect of changing 9 is merely to shift the entire 
curve along this axis. In those gases for which the 
dispersive region occurred at lev frequoncles and for 
which the Beattie-Brldgraan constants were known, the 
2 
^BB curve has been dravm using (19). The experimental 
2 
values of V were then corrected by aflding the Value 
^Ideal ** raeasured along the f/p ordinate correspond­
ing to that point. 
Since O2.ot fully developed In polyatomic gases 
at room temperatures, Og^was then calculated from (59)* 
Ovib ''ft® computed using (57) and the vibrational wave num­
bers observed spectroscoplcally; 0^ was then computed by 
(58). Thus the anharmonlclty of the molecular vibrations 
was taken into account. Values of and Oj, are given 
in Table Z. Experimental measureroentr of Op were avail­
able for a few of the gases, and could thus be computed 
- 32 -
from (62). Values of 0^ from (58) usually fit the exper­
imental data better than those from (62). 
2 Nearly every value of V In Figures 7 to 20 was 
oomputed using the average of ten Independent measurements 
of A . When absorption was not too great, the distances 
measured oorresponded to twenty nodes or half wavelengths. 
At large ratios of f/p, however, the absorption beoomes 
large and only four or five nodes were detectable. The 
data at the high frequency ends of the velocity curves 
therefore exhibit some scatter. When high absorption 
necessitated taking data near the crystal, a graphical 
correction was made for the capacltlve effect of the 
reflector on the crystal. 
The gases used In the experiment were of the highest 
purity available. OHOlFg, OHOlgF, 0012^2* OH3OI, 0H3Br, 
COl^F and GOIF^ were ptirchased from the Katheson Company. 
OBrF^, CHgClF, OH^Fg, OBrgF^, CBrOlP^, CP^and OHF^ were 
furnished by the Jackson Laboratory of E. I. duPont de 
Nemours and Company. The purities reported by the suppliers 
of the gases are listed In Table I. Several of the above 
gases were stored In cylinders as gas over liquid; these 
were withdrawn in their liquid phase to minimize contam­
ination by air and non-conSensible gaRes. Others were 
liquified, by use of the liquid nitrogen cold trap, and 
then evaporated into the system after pumping off all 
Table I 
Molecular welghte anfl Hent Capncltlea 
Gas Turlty 
% 
M Gl 
cal/mol °K. ®vlb-Cftl/mol °K 
uu«3Br 91^.95 611 1,03 2.26 
CHClFj 97 8^,U8 369 1.45 5.99 
CH^Ol 99.5 50.U9 73? 0.78 1.84 
CCl^P 99.9 137.38 2kl* ^.05 10.63 
CBrGlFp 99.9 165.36 200 1.85 10.24 
GF^ 88.01 1^37 2 . 9 3  6.91 
99.7 5?. 03 53? 1.19 2.32 
CHpClF 99.9 68.48 358 1.56 3.^6 
CCIF3 99.0 10^.4? 356 3.16 8.16 
CHClgF 99.0  102.93 27^ •> .7? 6.76 
CHP^ 70. or. 508 -^.48 4.78 
CC]j,Pp 97 120.92  26c 1.76 3.63 
OBr^ F p 99.9 200.8^ 165 1.88 10.55 
CBrF3 W , 9 J  297 9.84 
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non~oonden8lble vapor. The close fit of the low frequency 
2 
experimental data to the oaloulated values of demon-* 
stratee the high degree of purity of the gaeee used. 
Values of were taken from the curves In Figures 
7 to 20. The corresponding values of Q were then calculated 
by use of (18). After the best fit was obtained with the 
experimental data, the theoretical dispersion cvurves were 
further moved along the f/p axis to establish limits 
to the area in which the curve might reasonably lie. 
It was then assumed that these "reasonable limits" were 
85 percent certain of containing the true dispersion 
curve. By means of the normal error curve, the correspond­
ing limits for 50 percent certainty were calculated and 
established as the probable error for Q» Values of 9 
appear in Table II. 
Since it was observed that none of the dispersion 
ctirves shoved any evidence for the existence of multiple 
relaxation times, it was assumed that the lowest vibration 
was excited with its characteristic relaxation time, and 
that the energy passed freely to the other modes. Thus 
the relaxation time of the lowest mode 0^ should be given 
by the expression: 
. <«3' 
in which is that part of corresponding to the 
lowest vibrational mode. Values of 9^^ were calculated 
Table II 
Relay«itlon Times nnd Collision Lifetimes 
Oae a X 10^ Ol X 10^' ^ X ir~^ Zio 
eeo. sec. eeo. craT^ 
CH<^Br 7.5^ 0.3 3.^ *.l 10.79*.22 386 * 14 611 328 
CHClPg 9.5*  ^ .7  2 .3  * .?  9 .98  * .20  ?68 *?4 369 ?27 
CH3GI 1.1  8 .6  4.5  10 .91  * .22  966*67  73? 300 
CCI3F ' .  . 0  *  o . ' i  1.5 11.79  * .24  ?3^ *31 2^4 '':02 
CBrClFp 6.0* O.'t 0.9 *.3 9.^6 *.48 121* 15 200 188 
OF4 75.6 i 0 .8  32 .1  ^ . 3  6.84 *.34 2^460*125 ^37 256 
CH2^2 3.ni 0.3 1.5 9.PI *.49 159 * 24 532  245 
OHj,ClP T.Ol 0.1 0.^5* .^5  •11.20 ±.56 60 *  7  358 PO6 
CCIP3 ?3.910.r> 9.3 * .2 11.?3 *.23 1240 *37 356 237 
CHOI 2? 2.0 * 0 . '+  r) .5  ^ .1  11 .48  * .57  74* 15 274 198 
CHF^ U7.9 *1.B 24.9  * .9  8 .3 '+  * .42  22601140 5^8 -63 
CCI2F2 7.8 ^ 0.6  1.6 *.l 10.31  ^ .21  ?12  ±14  260 01 
OBrpFg r.9i 0.3  n .50* .r5  9.34 *.47 68 ±  8  165 :'.79 
CBrF- 19.6  *  0 .1  ^.4 *  . 1  8.05 ±.40 8 '.0 * 43 297 239 
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by (63) and appear In Table II. 
The colli8lon rate ^  was calculated for each gas 
by raeane of (36)» ualng eyperlmental Vfilueti of the vlecoelty 
"*7 wherever fivpllnblf;. Since foi- the najorlty of the 
gases used the viscosity had not been measured, It was 
calculated from critical data by the eraplrlcnl equation; 
i — j 
Tq and Pq in (6^1-) represent the critical values or temper­
ature and pressure, T Is the temperature and M 1h the 
molecular weight. Critical data, where not available, 
were calculated froci th« bolllnij; point and the r/irachor 
by the method of Meloener and Heddlng (19^i2). Vleooel-
tlee and collision rat^s calculated by the above method 
are seldom more than five percent different from measured 
values. Values of d? were arbitrarily given s probable 
error of two percent If calculated from experimental values 
of yj and five percent If was obtained by the use 
of (64). 
was calculated for each gas by means of (^0), 
using for d the relaxation time of the lowest mode 0^^ 
calculated from (63). These values of Z^q, together with 
corresponding values of ^ , also appear in Table II. 
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ExperlTTipntfil Rftnulte 
It mny be noted in 7 throufijh 20 that none of 
the gflBPa mpRSured shoved multiple dleperslve regione. 
This Indloatee that Intermodal coupling Is relatively 
Btronp In these molecules, end the nesuniptlon made by the 
use of (63) Is Justified. 
Furthermore, since the use of f/p elong the arls 
of absclssaa yields the proper form of dispersion curve, 
the excitation and de-e*oltatlon of molecular vibrations 
must be brouj^ht about rrlnclpally by binary collisions 
(see p. 13). 
Following the result of Landau and Teller given by 
(^7), Z^o been plotted against in Figure 21, 
A theoretical curve has been drawn to fit the dnta using 
8 = 0,?5 2 and ot= 0.5. This value of s Is about 1/8 the 
diameter of the colliding molecules and therefore Is not 
reasonable, A slmller cTirve drawn with s « 1 X will not 
fit the data regardless of the cC used. Furthermore, 
the data do not pppear to fit o single curve of the typ<» 
drawn. It therefore appears that the theory of Landau 
and Teller does not fit the de-exoltatlon of molecular 
vibrations In these gaeea. 
In Figure 22 Z]^o been plotted against In 
accordance with (55) and the energy excitation theory. 
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Ourvee have been drawn uelng the values:<£-1/12, n *1.8,1.5 
2.8 and 3.6. The value of n to be used apparently depends 
upon the number of l'.j(?ro,i;en atoms replnoed from the nf thcne 
molecule. The quentltj nhv*/ gives the ninlicum energy of 
approach necessary to excite or de-exclte the vibrations 
of the nolecule. This Is presumably the energy necessary 
for the noleculee to penetrate deeply Into ep.ch other's 
force fields or to form n compound rolecu!!e pr suEgeeted 
on page ?3. 
Hftnko and Lambert (1953) have nespured the relftx-
ation tines of some of the hnlogen-eubstituted racthp.nes. 
Their vrl ues for Z-j^q vere cororuted froir their relpratlcn 
data by r.aklng the acrvTiptlon that h kT and hence 
that d(6, . At Vftluee of V < 500 cnT^, thlr 1P not 
true and leads to error In et lovr freqvenclee. In 
accordance vlth (^0), their values for have teen 
multiplied by a factor I c . The valuer of 
thus corrected, are recorded In Table III. 
The above data vere taken at temperatures of about 
373 degrees Kelvin. The temper&tiu'ft correction predicted 
by (56) has been used to correct 7^^ to 300 degrees Kelvin; 
these values are UIDO recorded In Table III. The correc­
tions thus Ofilculated, however, were Invariably larger 
than the differences between these points md the calcu­
lated Z^Q curves. The values of Z q^ for 373 degrees Kelvin 
Table III 
Date of Other Inveetlgetora 
Oae Inveetigator 
0
 
m 
0 t 10® 
seo.^ 
2l0 2l0 
T=300°K. 
y, 
cmT^ 
y Vs 
CE^I PoRgi Hanke, Le!T:bert 373 i*.5 86 176 533 342 
CHGl^ Fogg, Hanks, Lambert 383 2.8 83 139 260 200 
gupol^ ^ogg. Hanks, Lair.bert 373 8.'l 20k t^ 6 283 192 
OH3P Poggf Hanks, Lambert 373 320 6070 z9u00 1048 336 
CCI4 Fogg, Hanks, Lambert 373 8.3 191 3^8 218 197 
CH^Br Fogg, Hanks, Lambert 373 10 202 kf.q 611 328 
CH2P2 Fogg, Hanks, Lambert 373 5.5 136 278 532 248 
OHF3 Fogg, Hankp, Lambert 373 U2 1200 3720 5O8 263 
CH3CI Fogg, Hanks, 
arlfflth 
Petralla 
Lambert 373 
?95 
287 
18 
20.2 
20.2 
956 
956 
1200 732 300 
gfii, ^ogg. Hanks, 
By era 
Lambert 373 
293 
66 
76 
1580 
2^*80 
6210 437 256 
ge^, ".ucken anfl Aybar 382 8^+ 6000 36000 1306 302 
CClgFg Huber and Kantrovltz 
(irlfflth 
297 
?92 
2 
8 
/19 
218 
260 201 
CHOIF2 Griffith 29'<- 10 282 369 227 
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and also the valuee predicted for 300 degreee Kelvin are 
shown in Figure 22. 
Several other authors have raeasured relaxation tiraea 
in some of the halogen-substituted methanes. Byere (19^+3), 
Euoken and Aybar (19^0) and Petralia (1952) have ueeU 
aoouBtio in'^erferometere to measure relaxation times; 
Griffith (1950) Huber and Kantrowitz (19^7) have 
made taeasureraents using Kantrcwitr-type impact nozrles. 
Their data are also reported in Table III, and the cor­
responding values of are plotted in Figure 22. »her6 
the measurements vere made at temperatures more than a 
few degrees removed from 300 degrees Kelvin, the data 
are corrected to this temperature by use of (56). 
The fact that use of (56) gives too large temperature 
corrections might suggest that the Bteric factor ^ is 
a function of temperature. It is reasonable to assume that 
cL , being a geometrical probability, is dependent upon 
the speed at which the molecules are rotating, which in 
turn is a function of temperature. The period of a rota-
—1? 
tlon of a typical molecule is 10 " second which is of the 
same order as the duration of a molecular collialon. 
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CONCLUSIONS 
On the basis of the data reported In this disserta­
tion, the following conclusions may be drawn: 
1. Intermodal coupling Is so strong In the halogen-
substituted methanes that onoe the vibrational mode of 
lowest frequency is excited, the energy passes readily 
Into the other modes. 
2. Only binary collisions are Important In the 
excitation of vibrations In the halogen-substituted 
methanes within the limits of observation. 
3. The probability, In a given collision, of exciting 
or de-excltlng molecular vibrations In the halogen-
substituted methanes appears to depend upon the relative 
energy of approach of the colliding molecules rather than 
upon their relative velocity as the Landau-Teller Theory 
predicts. In particular, the probability of excitation 
or de-excltatlon Is negligible unless the relative energy 
of approach exceeds where n Is characterized 
by the number of hydrogen atoms replaced. is the 
lowest vibrational frequency. 
k. The excitation of vibrations In polyatomic organic 
molecules may be a complex process Involving the formation 
of a compound molecule with a very short lifetime. 
5. The sterlc factor probably depends upon temper­
ature through Its dependence upon rotational velocity. 
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